Receptor-induced Ca 2؉ signals are key to the function of all cells and involve release of Ca 2؉ from endoplasmic reticulum (ER) stores, triggering Ca 2؉ entry through plasma membrane (PM) ''storeoperated channels'' (SOCs). The identity of SOCs and their coupling to store depletion remain molecular and mechanistic mysteries. The single transmembrane-spanning Ca 2؉ -binding protein, STIM1, is necessary in this coupling process and is proposed to function as an ER Ca 2؉ sensor to provide the trigger for SOC activation. Here we reveal that, in addition to being an ER Ca 2؉ sensor, STIM1 functions within the PM to control operation of the Ca 2؉ entry channel itself. Increased expression levels of STIM1 correlate with a gain in function of Ca 2؉ release-activated Ca 2؉ (CRAC) channel activity. Point mutation of the N-terminal EF hand transforms the CRAC channel current (I CRAC) into a constitutively active, Ca 2؉ store-independent mode. Mutants in the EF hand and cytoplasmic C terminus of STIM1 alter operational parameters of CRAC channels, including pharmacological profile and inactivation properties. Last, Ab externally applied to the STIM1 N-terminal EF hand blocks both I CRAC in hematopoietic cells and SOC-mediated Ca 2؉ entry in HEK293 cells, revealing that STIM1 has an important functional presence within the PM. The results reveal that, in addition to being an ER Ca 2؉ sensor, STIM1 functions within the PM to exert control over the operation of SOCs. As a cell surface signaling protein, STIM1 represents a key pharmacological target to control fundamental Ca 2؉ -regulated processes including secretion, contraction, metabolism, cell division, and apoptosis.
Receptor-induced Ca 2؉ signals are key to the function of all cells and involve release of Ca 2؉ from endoplasmic reticulum (ER) stores, triggering Ca 2؉ entry through plasma membrane (PM) ''storeoperated channels'' (SOCs). The identity of SOCs and their coupling to store depletion remain molecular and mechanistic mysteries. The single transmembrane-spanning Ca 2؉ -binding protein, STIM1, is necessary in this coupling process and is proposed to function as an ER Ca 2؉ sensor to provide the trigger for SOC activation. Here we reveal that, in addition to being an ER Ca 2؉ sensor, STIM1 functions within the PM to control operation of the Ca 2؉ entry channel itself. Increased expression levels of STIM1 correlate with a gain in function of Ca 2؉ release-activated Ca 2؉ (CRAC) channel activity. Point mutation of the N-terminal EF hand transforms the CRAC channel current (I CRAC) into a constitutively active, Ca 2؉ store-independent mode. Mutants in the EF hand and cytoplasmic C terminus of STIM1 alter operational parameters of CRAC channels, including pharmacological profile and inactivation properties. Last, Ab externally applied to the STIM1 N-terminal EF hand blocks both I CRAC in hematopoietic cells and SOC-mediated Ca 2؉ entry in HEK293 cells, revealing that STIM1 has an important functional presence within the PM. The results reveal that, in addition to being an ER Ca 2؉ sensor, STIM1 functions within the PM to exert control over the operation of SOCs. As a cell surface signaling protein, STIM1 represents a key pharmacological target to control fundamental Ca 2؉ -regulated processes including secretion, contraction, metabolism, cell division, and apoptosis.
calcium signaling ͉ calcium channel ͉ patch-clamp ͉ mast cells ͉ T lymphocytes C ytosolic Ca 2ϩ signals control a wide array of cellular functions ranging from short-term responses such as contraction and secretion to longer-term regulation of cell growth and proliferation (1, 2) . Ca 2ϩ signals generated in response to receptors involve two closely coupled components: rapid, transient release of Ca 2ϩ stored in the endoplasmic reticulum (ER), followed by slowly developing extracellular Ca 2ϩ entry (1, (3) (4) (5) (6) . The initial Ca 2ϩ release phase mediated by inositol 1,4,5-trisphosphate is well understood. The resulting depletion of Ca 2ϩ stored within the ER lumen serves as the primary trigger for a message that is returned to the plasma membrane (PM), resulting in the activation of store-operated channels (SOCs), which mediate Ca 2ϩ entry (3) (4) (5) (6) . The activation of SOCs is relatively slow (10-100 sec), and the Ca 2ϩ entry phase of Ca 2ϩ signals serves to mediate longer-term cytosolic Ca 2ϩ elevations and provides a means to replenish intracellular stores (4) (5) (6) . In certain cell types, including hematopoietic cells, SOCs carry a highly Ca 2ϩ -selective, nonvoltage-gated, inwardly rectifying current, termed the Ca 2ϩ release-activated Ca 2ϩ (CRAC) current (I CRAC ) (3) . The mechanism of coupling of depleted ER Ca 2ϩ stores to activate SOCs and the nature of the channels mediating Ca 2ϩ entry remain crucial but unresolved questions. Recent screening approaches have revealed that the single membrane-spanning protein STIM1 plays an essential role in the activation of SOCs (7, 8) . Reduction in the expression of STIM1 reduced SOC activation in response to store depletion (7, 8) . The STIM1 protein is proposed primarily as a sensor of Ca 2ϩ within stores. Thus, a single EF-hand Ca 2ϩ -binding motif located near the intraluminal N terminus of STIM1 may sense the decrease in free Ca 2ϩ within stores (8, 9) . The question of how this information is passed to the PM Ca 2ϩ entry channels is important. Upon store emptying, it was observed that STIM1 undergoes a profound redistribution within the cell (8, 9) . Thus, whereas labeled STIM1 normally appears to be uniformly distributed on the ER, store depletion leads to the appearance of densely labeled puncta, indicating that STIM1 becomes reorganized into spatially discrete areas after Ca 2ϩ release from stores (8) . Evidence suggested that, although these puncta were close to the PM, the STIM1 protein was not inserted into the PM (8). However, it was subsequently reported that store emptying results in a significant increase in the surface labeling of STIM1, suggesting that the protein may become translocated to the PM (9). Here we have determined that, in addition to being an ER sensor, STIM1 plays a crucial functional role in the PM, exerting control over the operation of SOCs.
Results and Discussion
The STIM1 protein has been shown to be required for the function of SOCs and has been suggested to act in the ER as a sensor for luminal Ca 2ϩ and, hence, to trigger the activation of Ca 2ϩ entry channels (7) (8) (9) . How STIM1 functions and what its role is in the activation of SOCs in the PM remain unresolved. Our studies addressed the question of whether STIM1 may have a direct role in controlling SOCs in the PM. Although SOC-mediated Ca 2ϩ entry occurs in most cells, I CRAC is the only well characterized SOC current and is clearly operational in hematopoietic cells (3, 5, 6) . Using Jurkat T cells, typical development of endogenous I CRAC in response to 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetate (BAPTA)-induced store depletion is shown in Fig. 1A (black circles). The current becomes maximal at Ϸ100 sec, correlating with the slow BAPTA-driven depletion of stores The current-voltage (I-V) profile (Fig. 1B) reveals inward rectification and a reversal potential of approximately ϩ50 mV, typical of this highly selective Ca 2ϩ channel (3, 6) . Overexpression of STIM1 in Jurkat T cells resulted in a large increase (average of 5.7-fold) in inward current density with the same I-V properties ( Fig. 1 A-C) . The increased channel activity had typical CRAC pharmacology being blocked by 50 M 2-aminoethoxydiphenyl borate (2-APB) with the familiar current overshoot (Fig. 1 A) (10, 11) .
We also used rat basophilic lymphoma (RBL) cells to examine both short interfering RNA sequence (siRNA)-induced knock-down of endogenous rat STIM1 (rSTIM1) and reexpression of human STIM1 (hSTIM1) (Fig. 1 D-F) . We recorded the I-V relationships after maximal activation by switching to divalent cation-free solution (DVF) to maximize the CRAC current (Fig.  1E) . Treatment with rat-specific STIM1 siRNA reduced both CRAC current density and STIM1 protein levels by Ϸ75% (Fig. 1  D and E) . In this rSTIM1 knockdown background, we were able to reexpress hSTIM1 and mutants thereof. hSTIM1 reexpression resulted in STIM1 protein and CRAC channel levels Ϸ10-fold above the knockdown WT (Fig. 1 D-F ). Whereas CRAC current density was increased with overexpressed STIM1 in RBL cells, CRAC channel properties remained unchanged. Thus, removal of divalent cations induced a large, rapidly inactivating current, inhibited by 50 M 2-APB but not 5 M by 2-APB (Fig. 1G) . Nonstationary noise analysis of the current traces during inactivation revealed a linear variance vs. current dependence (Fig. 1H) , the slope giving a single-channel current of Ϸ15 fA, close to the reported value for endogenous I CRAC (6) .
These gain-of-function results reveal an intriguing correlation between CRAC current and STIM1 expression. From Ca 2ϩ imaging studies, Roos et al. (7) reported that high STIM1 overexpression resulted in only small additional Ca 2ϩ entry. This was taken as evidence against STIM1 functioning as a component of the channel itself (7). However, in imaging studies, steady-state Ca 2ϩ measurements reflect a combination of Ca 2ϩ influx and efflux, and increased CRAC-mediated Ca 2ϩ entry is efficiently removed by Ca 2ϩ pumping (12) . Hence, only current measurements reflect actual channel activity. Our data indicate that overexpression of STIM1 results in a substantial increase in CRAC channel activity, suggesting that STIM1 may be increasing the number of channels or their open probability. Hence, STIM1 may be more intimately linked with expression and͞or function of channels in the PM, as opposed to playing only a sensing role in the ER. The earlier clear evidence that STIM1 is localized to the PM as well as the ER (13, 14) provides further support for the concept that it may play a role in the PM. This view is strengthened by the recent evidence that STIM1 can be translocated into the PM after store depletion (9) .
The STIM1 protein has several distinct functional domains, depicted in Fig. 2A . It exists as a membrane protein in both the ER and PM (13, 14) and may form multimers through interactions among the extensive cytoplasmic C-terminal coiled-coil regions (13, 15) . The proposed ER Ca 2ϩ -sensing function seems to be mediated by the acidic 76-87 N-terminal consensus EF-hand Ca 2ϩ -binding sequence (8) within the ER lumen. Mutation of this region (D76A) was shown to cause a translocation of STIM1 from the ER toward the PM without store depletion, a movement exactly mimicking the translocation of the WT STIM1 protein in response to store emptying (8) . In this study, there was a small but significant increase in Mn 2ϩ influx that correlated with STIM1 translocation (8) . In their recent study, Zhang et al. (9) revealed that expression of EF-hand mutants of STIM1 in Jurkat T cells resulted in a constitutive increase in Ca 2ϩ entry. It was crucial to determine whether actual channel function was modified as a result of STIM1 EF-hand changes. We investigated whether the specific store-operated current, I CRAC , was altered by mutating the Ca 2ϩ -sensing EF hand of STIM1. We mutated E87A in STIM1 to reduce the negative charge on the EF hand and to lower its Ca 2ϩ -binding affinity. Expression of hSTIM1 E87A in the RBL rSTIM1 knockdown cells resulted in a profound alteration in I CRAC channel activation. After store depletion, I CRAC develops with the classical slow time course, requiring tens of seconds (3, 5, 6 ). This development is clearly shown in Jurkat T cells (Fig. 1 A) and is similar in RBL cells reexpressing WT hSTIM1 (Fig. 2B, black circles) . Importantly, in RBL cells expressing the hSTIM1 E87A mutant replacing endogenous rSTIM1, I CRAC was already fully activated at the moment of break-in, that is, without store depletion. The I-V profile for the E87A mutant immediately after break-in (Fig. 2C, time point a) or after 170 sec (Fig. 2C, time point b) was the same as for cells expressing WT hSTIM1 after maximal activation by store depletion at 170 sec (Fig. 2C, time point c) . Maximal current density for CRAC for WT hSTIM1-reexpressing cells was not significantly different from maximal current in E87A-reexpressing cells (Fig. 2D) .
This result provides direct evidence that the CRAC channel itself has undergone a fundamental change as a result of a mutation in STIM1 that removes its sensing of changes in ER luminal Ca 2ϩ . Indeed, with this result, the highly specific CRAC current has been shown to be fully and normally activated while Ca 2ϩ stores are replete. The normal, slow time-dependence of I CRAC development may reflect the time required for reorganization of STIM1 in the ER and͞or insertion into the PM. This would imply that the EF-hand mutant had already undergone the reorganization or translocation step.
Considering the apparently close link between STIM1 and the function of PM CRAC channels, we investigated how intimately involved STIM1 is in CRAC channel function by examining the influence of mutations of STIM1 on either side of its transmembrane region. The cytoplasmic STIM1 C terminus contains a structurally significant proline-rich domain and a number of consensus phosphorylation sites (13) . We expressed a C-terminal ⌬M597 deletion mutant lacking a potential protein kinase C phosphorylation site (613 SSR) and two potential casein kinase II phosphorylation sites (620 SSPD and 660 SIGE). In Jurkat T cells, overexpression of ⌬M597 caused a significant change in the CRAC channel function (Fig. 3A) . The channel activated normally with passive store depletion in the presence of external Ca 2ϩ . Conductance increased with application of DVF; however, the rapid inactivation normally seen was substantially reduced (Fig. 3 A and  B) . This rapid inactivation in DVF is a well described parameter of CRAC channel function (6, 16); hence, this change represents a significant alteration in channel operation. Despite this, the pharmacology of the channel remained unchanged. The well described potentiation with 5 M 2-APB and blockade with 50 M 2-APB (10, 11) were clearly observed (Fig. 3A) . Other CRAC channel properties remained unchanged, such as the I-V profile (Fig. 3C ) and the single-channel conductance (Fig. 3D) . Thus, the STIM1 ⌬M597 deletion causes alteration in the operation of CRAC channels, suggesting that the STIM1 molecule is either functioning with the channel or modifying some regulatory component of the channel.
Further examination of the STIM1 E87A EF-hand mutation revealed an important alteration in CRAC channel pharmacology. In rSTIM1 knockdown RBL cells overexpressing the E87A EFhand point mutant, there was a significant modification in the action 4 A Inset) or I CRAC measured after overexpression of hSTIM1 in RBL cells (Fig. 1G) . In contrast, other I CRAC properties were similar to endogenous current: activation with passive Ca 2ϩ store depletion, potentiation by 5 M 2-APB, and inhibition by 50 M 2-APB. (B) One minute after exposure to DVF, which followed maximal CRAC activation in 20 mM extracellular Ca 2ϩ , ICRAC showed Ϸ25% inactivation when STIM1-⌬M597 was overexpressed (n ϭ 6), significantly different from the Ϸ80% inactivation observed in STIM1 WToverexpressing cells (n ϭ 3; P Ͻ 0.05). (C) The I-V curve for I CRAC in DVF was unaltered by overexpression of STIM1-⌬M597 (compared with STIM1 WT; Fig. 1E ). (D) Assessment of the single-channel conductance by noise analysis (as in Fig. 1H ) at Ϫ100 mV during inhibition by 2-APB in A revealed no differences from the single-channel current measured for STIM1 WT (Fig. 1H) . (E) hSTIM1 E87A mutant was overexpressed after knockdown of rSTIM1 in RBL cells. Sensitivity of I CRAC to 2-APB was greatly altered: ICRAC was immediately inhibited by 5 M 2-APB, as opposed to the normal potentiation seen in A. (F) Overexpression of STIM1 E87A did not result in any changes in the I-V curve of I CRAC in DVF as compared to STIM1 WT (see Fig. 1E ). Fig. 2 . Expression of the E87A STIM1 mutant with decreased EF-hand Ca 2ϩ -binding affinity leads to constitutively active I CRAC in RBL cells. (A) Predicted 3D structure of STIM1 (57-591) generated by using PHYRE software (www.sbg.bio.ic.ac.uk͞ϳphyre). The domain structures shown, EF-hand, sterile-␣ motif (SAM), transmembrane-spanning region, coiled-coil regions, and proline-rich N terminus, were determined by similarity to proteins with known structure. (B) Either WT hSTIM1 or the E87A mutant with predicted lowered EF-hand Ca 2ϩ affinity were reexpressed in rSTIM1 knockdown RBL cells. In contrast to the slow-developing store depletion-dependent current observed with STIM1 WT (black circles), I CRAC was constitutively active at the time of break-in ( of 2-APB on CRAC channel function. As shown in Fig. 3E , the addition of 5 M 2-APB caused a rapid block of CRAC channel activity, in clear contrast to the potentiation seen with 5 M 2-APB in previous studies (10, 11) and the data in Fig. 3A . The mutation also caused a lower inactivation in DVF, as for the STIM1 ⌬M597 truncation mutant, suggesting that multiple domains may contribute to the inactivation process. The I-V profile for CRAC in DVF with the EF-hand mutant (Fig. 3F ) was similar to that with control cells (Fig. 1E) . Although there seemed to be a slight decrease in the reversal potential, the significance of this change has not yet been determined. The alteration in 2-APB action indicates that the STIM1 mutation has modified the operation of the CRAC channel, again suggesting some more direct link between STIM1 and CRAC channel function. 2-APB is believed to modify CRAC channel activity by binding to a site on the outer surface of the PM (10). Although there is no evidence that 2-APB directly interacts with either the CRAC channel or STIM1, it is noteworthy that the EF hand is located on the outer surface when STIM1 is expressed in the PM; hence, it could be associated with the site of interaction of 2-APB. Many of the experiments described above provide circumstantial evidence for operation of the STIM1 protein either within or close to the PM, possibly even as a subunit of the SOC. This hypothesis derives further support from experiments using a STIM1 Nterminal Ab (Fig. 4) . We used a purified N-terminal-specific STIM1 mAb raised against the 25-139 STIM1 sequence comprising mostly the helix-loop-helix EF-hand domain. Applied to the outside of intact Jurkat T cells, the Ab caused a substantial suppression of CRAC channel current (Fig. 4A) . In this case, I CRAC was measured after activation in 20 mM Ca 2ϩ followed by DVF to maximize current. Application of Ab (20 g͞ml) 30 min before break-in suppressed the maximal endogenous CRAC channel activity observed in DVF (Fig. 4A Inset) , whereas the I-V profile was essentially unchanged (Fig. 4A) . The Ab suppressed maximal current in DVF by an average of 70% (Fig. 4B) . The matching mouse IgG2a isotype Ab at 20 g͞ml had no effect (data not shown). The Ab also seemed to reduce the rate of inactivation in DVF. A similar suppression of I CRAC by the same mAb was observed in the rSTIM1 knockdown RBL cells reexpressing human STIM1 E87A (see below). Whereas CRAC channels are observable only in hematopoietic cells, SOC activity is observed universally among cell types (5, 6) . We assessed whether SOC-mediated Ca 2ϩ entry is similarly modified by the STIM1 mAb in HEK293 cells. The data in Fig. 4C reveal that thapsigargin (TG)-induced Ca 2ϩ entry in HEK293 cells was suppressed by a similar margin. At 10 g͞ml there was almost 70% inhibition of Ca 2ϩ entry, the rate of entry being substantially slowed compared with isotype control (Fig. 4C) , the latter having no effect on Ca 2ϩ entry. As shown in Fig.  4D , the mAb effect was dose-dependent with almost 50% inhibition at 5 g͞ml. The specificity of the mAb for STIM1 seemed high: by Western analysis there was no obvious cross-reaction with other proteins, as shown, for example, in WT Jurkat T cells (Fig. 4E) . When using HEK293 cells in which STIM1 was overexpressed, the effect of the STIM1 mAb was at least as effective (data not shown). We also examined the action of the STIM1 mAb on the STIM1 EF-hand mutant. As shown in Fig. 4 F and G , the mAb blocked a substantial portion of current in the E87A EF-hand mutantexpressing RBL cells. The EF-hand mutant still retained its high 2-APB sensitivity (Fig. 4 F and G) . The I-V profile remained similar (Fig. 4H) , and the average mAb block was Ϸ80% compared with the isotype control (Fig. 4I) . The distinctive single-channel properties of CRAC channels remained the same with EF-hand mutant reexpression, measured as 16 fA at Ϫ100 mV (Fig. 4J) , nor did Ab applied to the EF-hand mutant-reexpressing cells significantly alter the single-channel current (Fig. 4K) . These data suggest that Ab blockade is more likely to reduce the number of channels rather than their open probability.
Overall, these data provide some perspectives on the role of STIM1 in SOC activation. Recent studies have indicated that STIM1 functions within the ER as a Ca 2ϩ sensor and becomes translocated toward the PM (7-9). After store depletion, STIM1 is reorganized in the ER into vesicular structures, or puncta, close to the PM (8) . Although it was first reported that there was no evidence of STIM1 insertion into the PM (8), subsequent biotinylation experiments revealed some STIM1 appearing at the cell surface after sarco(endo)plasmic reticulum Ca 2ϩ ATPase (SERCA) pump inhibition (9) . An insertional model based on this information is depicted in Fig. 5 A-D. The blocking effect of the STIM1 Ab shown here provides strong evidence that STIM1 has a functional presence in the PM. However, as yet there are no data to support the hypothesis that translocation of STIM1 into the PM is required for the activation of SOCs. Indeed, there has previously been little evidence to support any role for vesicle trafficking in the activation of SOCs (5, 6, 17) . Importantly, the earlier studies of Dziadek and coworkers (14, 15) revealed that a significant proportion of STIM1 is in the PM in normal cells. Indeed, using N-terminal STIM1 Abs, our FACS analysis of STIM1 expression in normal and STIM1-overexpressing cells revealed a substantial presence of STIM1 in the PM (data not shown). Here, the use of the N-terminal mAb to block SOC function involved treating cells with Ab and then removing the Ab before measurement of CRAC or SOC activity. Thus, the Ab likely is targeting preexisting STIM1 in the PM. Compatibly with the insertional model, it is possible that Ab bound to preexisting PM STIM1 might have a dominant modifying action on the formation or function of the STIM1 multimers required for SOC activation. It is established that STIM1 can form multimers and that the C-terminal coiled-coil region mediates this interaction (15) . However, without the information that STIM1 insertion is required for SOC activation, we could also consider an alternative model. Thus, although some insertion of STIM1 into the PM may be measurable upon store emptying, it is possible that this is not required for the activation of SOCs. Instead, as shown as an alternative model in Fig. 5 A, B , E, and F, channel activation may result from an ''influence'' of the reorganized ER STIM1 molecules on the PM, through interactions with preexisting PM STIM1 molecules and possibly the entry channel itself. Thus, through a conformational coupling process, aggregated STIM1 molecules on the ER may activate the entry channels without necessarily becoming inserted into the PM. Such a conformational coupling model would provide a simpler explanation of the STIM1 Ab results and would be compatible with much earlier speculation and evidence that close interactions, but not necessarily fusion, between the ER and PM are involved in the activation of SOCs (5, 6, 18-20).
Our data using the STIM1 EF-hand mutant provide direct evidence that STIM1, as a sensor for Ca 2ϩ within the ER, is triggering the CRAC SOC itself. Our results also reveal that expression of STIM1 causes a gain of CRAC channel function. Moreover, mutations in STIM1 alter some significant characteristics of CRAC channel operation, including pharmacology and inactivation properties. These data, together with the information that STIM1 is functioning within the PM, suggest that STIM1 might operate as a regulatory component of the channel. Although we cannot exclude the possibility that it is the channel per se, the single transmembrane-spanning STIM1 protein does not resemble known channel proteins. However, its structure and role are reminiscent of the MinK-related peptides functioning as ancillary or ␤ subunits of Kv channels (21) . These single transmembrane proteins confer changes in the conductance, gating kinetics, and pharmacology of Kv channels and are crucial to normal channel function (21) .
As an equivalent regulatory subunit of SOCs, STIM1 may lead to identification of other SOC components. Last, it seems that this single molecule, STIM1, may fulfill both ER sensing and PM channel activation functions. Thus, STIM1 would be an interesting example of a protein undertaking two crucial functions in two different membranes.
Materials and Methods
Reagents. ATP and 2-APB were from Sigma. Fura-2͞acetoxym-ethyl ester and stealth siRNA duplexes for rSTIM1 and hSTIM1 were from Invitrogen. Anti-STIM1 (25-139), IgG2a isotype control Ab, and enhanced yellow fluorescent protein (YFP) vector were from BD Biosciences (Mountain View, CA). TG was from EMD Biosciences (San Diego). 
